Abstract Resveratrol is a natural dietary polyphenol found in grape skin, red wine, and various other food products. Resveratrol has proved to be an effective chemopreventive agent for different malignant tumors. It has also been shown to prevent vascular alterations such as atherosclerosis and inflammatory-associated events. In view of these observations, we investigated the anti-proliferative and pro-apoptotic activities of resveratrol on a tumoral cardiac cell line (HL-1 NB) derived from mouse tumoral atrial cardiac myocytes. These effects were compared with those found on normal neonatal mouse cardiomyocytes. HL-1 NB cells and neonatal cardiomyocytes were treated with resveratrol (5, 30, and/or 100 lM) for different times of culture (24, 48, and/or 72 h). Resveratrol effects were determined by various microscopical and flow cytometric methods. After resveratrol treatment, a strong inhibition of tumoral cardiac HL1-NB cell growth associated with a loss of cell adhesion was observed. This cell proliferation arrest was associated with an apoptotic process revealed by an increased percentage of cells with fragmented and/or condensed nuclei (characteristic of apoptotic cells) identified after staining with Hoechst 33342 and by the presence of cells in subG1. At the opposite, on normal cardiomyocytes, no cytotoxic effects of resveratrol were observed, and a protective effect of resveratrol against norepinephrine-induced apoptosis was found on normal cardiomyocytes. Altogether, the present data demonstrate that resveratrol (1) induces apoptosis of tumoral cardiac HL1-NB cells, (2) does not induce cell death on normal cardiomyocytes, and (3) prevents norepinephrine-induced apoptosis on normal cardiomyocytes.
Introduction
Resveratrol (Rsv) is a dietary phytophenol and a strong anti-oxidant found predominantly in grapes and other berries (bilberries, blackberries, etc) . This polyphenol exhibits numerous biological activities including prevention of oxidative stress which occurs in atherosclerosis and aging. Moreover, it also prevents cell proliferation and induces apoptosis in numerous tumor cells (Delmas et al. 2000; Latruffe et al. 2002; Delmas et al. 2002 Delmas et al. , 2003 Lançon et al. 2004; Jannin et al. 2004; Delmas et al. 2004 Delmas et al. , 2005 Delmas et al. , 2006 Lançon et al. 2007; Marel et al. 2008; Colin et al. 2008; Hanet et al. 2008; Colin et al. 2009 ). On the other hand, it has been shown that polyphenols (including Rsv) may have some benefits on heart functions (Dreger et al. 2008) . Rsv is also able to upregulate peroxidedetoxifying mechanisms in cardiomyocytes as shown by its ability to protect these cells against hydrogen peroxide (H 2 O 2 ) (Mehendale et al. 2006 ) and doxorubicin-induced cell death (Du et al. 2007 ). Moreover, in cardiomyocytes, Rsv treatment led to a significant reduction in xanthine oxidase-induced intracellular accumulation of reactive oxygen species (ROS) (Du and Lou 2008) . In addition, incubation of cardiac H9C2 cells with 25-100 lM of Rsv resulted in a significant induction of cellular anti-oxidant enzymes in a concentration-dependent fashion (Cao and Li 2004) . Furthermore, Rsv pretreatment also led to a marked reduction in xanthine oxidase/xanthine-induced intracellular ROS accumulation and cardiac cell apoptosis (Cao and Li 2004) . These results on cells of the vascular wall (endothelial cells, smooth muscle cells, and macrophages) and on cardiac cells indicate that polyphenols, and particularly Rsv, could protect against cardiac cell apoptosis via the induction of endogenous anti-oxidant enzymes.
The development of pathological cardiac hypertrophy (abnormal enlargement of the heart) and apoptosis is associated with chronic activation of the b-adrenergic receptor signaling pathway as well as angiotensin II and endothelin-1 signaling cascades. In an in vitro study, we recently showed that Rsv prevents the development of pathological hypertrophy in heart muscle cells (cardiomyocytes) exposed to abnormal concentrations of norepinephrine (NE) (Louis et al. 2009 ). These results are consistent with in vivo studies from our laboratory which demonstrated that Rsv prevents the development of cardiac structural and functional abnormalities in two different animal models of hypertension (Juric et al. 2007; Thandapilly et al. 2010) .
During apoptosis induced on various tumor cells, Rsv activates cell death by the mitochondrial intrinsic pathway or by the death receptor extrinsic pathway. We and others have showed that Rsv induces apoptosis in various tumor cell lines by modulating pro-apoptotic Bcl-2 family proteins behaving as sensors of cellular damage and initiating the agents of death process (Delmas et al. 2003) . We have shown in colon cancer cells (Delmas et al. 2003 ) and others cells types that Rsv downregulates Bcl-2 protein expression (Billard et al. 2002) and gene expression which normally stabilizes the mitochondrial membrane potential and inhibits ROS production (Kaneuchi et al. 2003) . In contrast to the downregulation of Bcl-2, Rsv has been shown to trigger an increase in Bax and Bak protein (Delmas et al. 2003; Jazirehi and Bonavida 2004) and gene expression (Kim et al. 2003) . We showed that an exposure of adenocarcinoma colon cells to Rsv induces conformational changes, and mitochondrial redistribution of both Bax and Bak, suggesting that the two proteins are involved in Rsv-induced cell death (Delmas et al. 2003) . We reported that Rsv-induced apoptosis by this mechanism involves the release of molecules such as cytochrome c and Smac/Diablo present in the mitochondrial inter-membrane space. The release of cytochrome c in the cytosol induces oligomerization of the adapter molecule Apaf-1 to generate the apoptosome complex, in which caspase-9 is activated. Activated caspase-9 then triggers the catalytic maturation of caspase-3, thus leading to cell death. The release of Smac/Diablo (Delmas et al. 2003; Jazirehi and Bonavida 2004) neutralizes caspase inhibitors of the inhibitor of apoptotic proteins (IAP) family such as XIAP (Du et al. 2000) . Rsv itself is able to inhibit IAP family protein expression such as survivin expression (Fulda and Debatin 2004) . Rsv can also induce an increase in the tumor suppressor gene p53 in various cell types (Fulda and Debatin 2004) and lead to its phosphorylation (Haider et al. 2003) . This activation of the transcription factor p53 by Rsv could contribute to death mechanism and cell cycle arrest (Huang et al. 1999) . Meanwhile, Rsv can also induce apoptosis in p53-deficient cells (Mahyar-Roemer and Roemer 2001) , indicating that p53 is not an absolute requirement for the cytotoxic effect of the molecule. In addition, Locatelli et al. also reported that Rsv inhibits human DNA polymerase involved in the S phase progression (Locatelli et al. 2005) .
However, Rsv does not increase the expression of Fas and Fas ligand at the surface of tumor cells but induces a redistribution of Fas in the raft domains of the plasma membrane (Delmas et al. 2003) . These lipid microdomains result from the preferential packing of complex sphingolipids and cholesterol in ordered plasma membrane structures and contain a variety of lipid-anchored and transmembrane proteins. Rafts play an important role in clustering or aggregating surface receptors, signaling enzymes, and adaptor molecules into membrane complexes at specific sites and were shown to be essential for initiating signaling from a number of receptors. Rsv induces a redistribution of Fas, together with FADD and procaspase-8, in cholesterol and sphingolipids-enriched fractions (Delmas et al. 2003) . Whatever the mechanisms, Rsvinduced redistribution of Fas in the rafts could contribute to the formation of the death-inducing signaling complex (DISC) observed in colon cancer cells treated with this compound .
Despite many studies report the effectiveness of Rsv in several cancer models, no study has been performed to address the effect of Rsv on cardiac cells, especially on cardiac tumoral cells versus normal cardiac cells. Therefore, we undertook this study (1) to examine the effect of Rsv on mouse tumoral cardiac HL-1 NB cells versus normal neonatal mouse cardiomyocytes and (2) to bring additional in vitro evidences on the protective effect of Rsv on the cytotoxic effect of NE on normal cardiomyocytes (Deng et al. 2000; Juric et al. 2007; Thandapilly et al. 2010 ).
Experimental approaches

Reagents
All chemicals were purchased from Sigma-Aldrich (Ontario, Canada) or from Sigma-Aldrich (Lyon, France).
Isolation and culture of neonatal mouse cardiomyocytes
Neonatal mouse primary cardiomyocytes were isolated from neonatal male C57BL/6 J mouse hearts as described by us previously (Sreejit et al. 2008) . Briefly, 1-3 days old mice were killed by decapitation. Hearts were excised and transferred immediately into ice-cold phosphate-buffered saline (PBS). After the blood was gently squeezed out from the heart and washed with ice-cold PBS, the ventricles were excised into a petri dish. The tissue was then minced with sharp scissors and transferred to 50 ml tubes. The tissues were then digested by incubating with 0.5% trypsin-0.2% ethylenediamine tetraacetic acid (EDTA) at 37°C in a water bath for 4 min while mixed intermittently by pipetting. The cell suspension was allowed to stand for 1 min. The supernatant containing single cells was transferred to another tube. A volume of 2 ml of 20% fetal calf serum supplemented Dulbecco's modified Eagle's medium (DMEM) was then added. The digestion was repeated three times, and the cell suspensions from each digestion were pooled, centrifuged at 900 g for 10 min at 4°C. The cell pellet was then resuspended in medium containing DMEM supplemented with fetal calf serum (20%), horse serum (5%), penicillin (100 U/ml), streptomycin (100 mg/ml), 2 mM L-glutamine, 0.1 mM nonessential amino acids (Invitrogen, Ontario, Canada), 3 mM sodium pyruvate, and bovine insulin (1 lg/ml). The cells were then maintained in 5% CO 2 incubator at 37°C. Experimental procedures were initiated after 24 h of isolation.
Culture of HL1-NB cells HL1-NB cells were a generous gift from Dr S Pelloux and Dr Y Tourneur (Centre Commun de Quantimétrie, Université of Lyon 1; Lyon, France) (Claycomb et al. 1998 ). The HL1-NB cells were derived from tumoral atrial cardiac myocytes from transgenic mice. HL1-NB cells were cultured in Claycomb medium supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 0.3 mM ascorbic acid, and 10 mM norepinephrine, at 37°C in a humid atmosphere of 5% CO2/95% air.
Cell treatments
To evaluate the pro-and anti-apoptotic effects of Rsv on tumoral mouse HL1-NB cells and on normal neonatal mouse cardiomyocytes, sub-confluent cultures were used. In agreement with previous investigations, Rsv was dissolved in ethanol, and the final concentration of ethanol in the culture medium did not exceed 0.1% (Delmas et al. 2003; Lançon et al. 2004; Jannin et al. 2004; Delmas et al. 2004 Delmas et al. , 2005 Lançon et al. 2007; Marel et al. 2008; Colin et al. 2008; Hanet et al. 2008; Colin et al. 2009 ). When the effects of Rsv were evaluated on norepinephrine (NE)-treated neonatal mouse cardiomyocytes, the following procedure was used: Rsv (30 lM) was added on isolated neonatal mouse cardiomyocytes 30 min before to introduce NE (5 lM in 15 mM ascorbic acid), and the cells were simultaneously incubated with Rsv and NE for 24 and 48 h.
Phase contrast microscopy
Phase contrast pictures were taken with a Zeiss LSM 5 Pascal microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA). Based on morphological criteria, the pictures were used to determine the number of live cells in each group. Live cells are elongated, whereas dying cells are round.
Hoechst staining procedure
Cultured neonatal cardiomyocytes treated with and without Rsv and NE for 24 and 48 h or HL1-NB cells cultured for 48-72 h with Rsv were washed with PBS. Cells were then fixed with 2-4% paraformaldehyde diluted in PBS for 3 min and then washed with PBS. Cells were then stained with Hoechst 33342 (1 lg/ml for 4 min). After incubation, cells were washed 3 times with PBS, immediately viewed under a Zeiss LSM 5 Pascal fluorescent microscope, or mounted in Dako-Fluorescent medium (Dako, Copenhagen, Denmark), coversliped, and stored at 4°C before observation with an Axioskop right microscope (Zeiss, Jena, Germany). Cells with condensed and/or fragmented nuclei, considered as apoptotic cells (Lizard et al. 1995) , were identified and counted using captured fluorescent images.
Flow cytometric analyses
Apoptosis was determined by the proportion of cells in subG1, as previously described (Lizard et al. 1996) , and by propidium iodide staining allowing distinguishing live and apoptotic cells (Lizard et al. 1995 (Lizard et al. , 1996 Vermes et al. 1995; Elbim and Lizard 2009; Wlodkowic et al. 2008) . To realize the staining procedure, adherent and nonadherent cells (collected by trypsinization with a 0.5% trypsin-0.2% EDTA solution) were pooled, washed with PBS, and 1 9 10 6 cells were stained with 5 lg/ml of propidium iodide (PI). Fluorescence PI was collected using a 590/10 nm bandpass filter and was measured on a logarithmic scale. Flow cytometric analyses were performed on a Galaxy flow cytometer (Partec, Münster, Germany). For each sample, 10,000 cells were acquired and data analyzed with Flomax software (Partec).
Statistical analysis
Statistical analysis of data was performed by applying oneway analysis of variance (ANOVA) followed by Tukey post hoc test. Data were expressed as mean ± standard error of the mean (SEM). Significance was defined as P \ 0.05.
Results
Induction of an apoptotic mode of cell death and accumulation of the cells in the S phase of the cell cycle in resveratrol-treated tumoral mouse cardiac HL1-NB cells Tumoral mouse cardiac HL-1 NB cells were treated with 5-100 lM of Rsv for 48 and 72 h, and microscopical and flow cytometric methods were used to evaluated Rsv activities.
In these conditions, the quantification of Rsv-induced cell death after staining with propidium iodide (PI) shows that at both 30 and 100 lM, 50-70% of dead cells were found at 48 and 72 h in comparison with untreated cells (5-15%) (Fig. 1a) . Moreover, upon Rsv treatment, a strong inhibition of proliferation of HL1-NB cells associated with a loss of cell adhesion was observed (data not shown). This arrest of cell proliferation was associated with an apoptotic process revealed by an increased number of cells with fragmented and/or condensed nuclei identified after staining with Hoechst 33342 either at 48 or 72 h (Fig. 2) . Thus, in untreated cells (control), there was around 2-5% of apoptotic cells after 48 and 72 h of culture; in contrast, the exposure to Rsv (30 lM) raised the amount of apoptotic cells to 40% at 48 h and to 70% at 72 h (Fig. 1b) . Whereas this effect seemed less marked with Rsv (100 lM) incubated for 72 h, numerous cells (30-40%) in a probable secondary necrosis (corresponding to late apoptotic cells) were simultaneously observed. When the analysis of the cell cycle was performed by flow cytometry after staining with PI, Rsv increased in a dose-dependent manner and the percentage of cells in the subG1 phase known to only contain apoptotic cells (Wlodkowic et al. 2008) (Fig. 1c) . In parallel, as previously reported on numerous tumoral cells (Marel et al. 2008; Colin et al. 2009 ), Rsv induces an important accumulation of HL1-NB cells in the S phase of the cell cycle (Fig. 1c) . Protective effect of resveratrol on norepinephrinetreated neonatal mouse cardiomyocytes Interestingly, when normal neonatal mouse cardiomyocytes were treated for 24 h with NE (5 lM), we found that co-treatment with Rsv used at 30 lM protects normal neonatal mouse cardiomyocytes from NE-induced cell death (Fig. 3a) . Whereas elongated cells (corresponding to healthy cells) were observed in untreated cells (control), some round cells (corresponding to dying cells) were observed when normal neonatal mouse cardiomyocytes were exposed to NE. Interestingly, the treatment of NE-exposed normal neonatal cardiomyocytes with Rsv (30 lM) prevented from NE-induced cell death. The quantification of the protective effect of Rsv against NE-induced cell death is reported in Fig. 3a . In addition, no cytotoxic effects were observed on Rsv (30 lM)-treated normal cardiomyocytes (Fig. 3b) .
In the same experimental conditions, when normal neonatal mouse cardiomyocytes were stained with Hoechst 33342, we observed that NE induced an apoptotic mode of cell death on normal cardiomyocytes and that this mode of cell death was strongly counteracted by Rsv (Fig. 4a, b) .
Discussion
Primary cardiac tumors are rare clinical entities, and these malignant tumors are hardly resectable. The long-term diagnosis for resected benign cardiac tumors is excellent whereas it is very poor for cardiac sarcomas. For patients with unresectable cardiac sarcomas, radiation and chemotherapy may be used, but without great expectation of successful results, mainly due to anti-cancer drug toxicities. Therefore, in the present study, we tested the ability of Rsv to specifically induce cell death of tumoral cardiac cells without being toxic to normal cardiomyocytes. Indeed, whereas Rsv has proved to be an effective chemopreventive agent for different malignant tumors (Delmas et al. 2006 ) and contributes to prevent vascular alterations such as atherosclerosis and inflammation (Delmas et al. 2005) , little is known on the activity of Rsv on normal cells. Therefore, in the present study, we investigated the pro-apoptotic activities of Rsv on a tumoral cardiac cell line, HL-1 NB, derived from the AT-1 mouse atrial cardiomyocyte tumor lineage (Claycomb et al. 1998) , as well as on normal cardiomyocytes isolated from neonatal mice (Sreejit et al. 2008) . In this context, we treated tumoral cardiac HL-1 NB cells and normal cardiomyocytes, with 5, 30 and/or-100 lM of Rsv at different time points (24, 48 and/or 72 h), and Rsv activities were determined by microscopical and flow cytometric methods. In addition, we attempted to bring additional in vitro evidences on the protective effect of Rsv on the cytotoxic effect of NE on normal cardiomyocytes (Deng et al. 2000; Juric et al. 2007; Thandapilly et al. 2010) .
Noteworthy, upon Rsv treatment, a strong inhibition of tumoral cardiac cell growth associated with a loss of cell adhesion was observed, associated with an apoptotic process revealed by an increased number of cells with fragmented and/or condensed nuclei identified (characteristic of apoptotically dying cells) (Lizard et al. 1995) after staining with Hoechst 33342. Altogether, these different criteria support that Rsv might induce a particular mode of cell death by apoptosis on tumoral cardiac cells: anoikis (Valentijn et al. 2004) . Indeed, anoikis is a form of programmed cell death. It is induced by detaching the anchorage-dependent cells from the extracellular matrix (Valentijn et al. 2004) . It has been reported on glioma cells that integrin (which are receptors mediating cell attachment with other cells or the extracellular matrix) are implied in Rsv-induced apoptosis (Lin et al. 2008) . Moreover, as some HL1-NB cells are permeable to PI when they are treated with Rsv, these data support that Rsv-induced cell death is a dynamic process involving apoptosis and probable secondary necrosis (Challa and Chan 2010) . When cell cycle analysis was performed by flow cytometry after staining with PI, data obtained on Rsv-treated cells also permit to reveal a subG1 peak that constitutes additional criteria of apoptotically dying cells. Indeed, by using cell sorting, these subG1 peaks have been shown to only contain apoptotic cells (Ormerod et al. 1992) . In parallel, in agreement with data obtained in our laboratory on tumoral cells (Marel et al. 2008; Colin et al. 2009 ), Rsv-induced apoptosis is associated with an important accumulation of HL1-NB cells in the S phase of the cell cycle, underlying that the effect of Rsv on the cell cycle does not depend on the cell type considered. On another hand, the effects of Rsv on NE-treated normal neonatal cardiomyocytes were also studied. NE (also named noradrenaline) is a catecholamine synthesized from dopamine by dopamine b-hydroxylase. It is released from the adrenal medulla into the blood as a hormone and is also a neurotransmitter in the central nervous system and sympathetic nervous system where it is released from noradrenergic neurons. The actions of NE are carried out via the binding to adrenergic receptors. In intensive care units, NE is used to provide hemodynamic support and maintain organ perfusion (Maeder et al. 2006; Di Giantomasso et al. 2005 ). However, a major side effect of this molecule is to induce apoptosis on normal cardiomyocytes (Singh et al. 2001) . It is now well admitted that NE binds to b1-and a1-adrenergic receptor mainly in cardiac myocytes and that b1-adrenergic stimulation induces caspase-3-dependent apoptosis on myocardial cells through Gs protein that stimulates adenylyl cyclase activity, leading to the production of cAMP, followed by the activation of protein kinase A (Iwai-Kanai and Hasegawa 2004) . Based on these considerations, molecules capable to inhibit NE-induced apoptosis have therefore important pharmacological interests. Interestingly, when normal neonatal cardiomyocytes were treated with NE, we observed that Rsv protects these cells from cell death. Our finding, which establishes that Rsv is capable to reduce NE-induced apoptosis, may consequently have some pharmacological applications since endothelin 1 or NE induced apoptosis on cardiomyocytes, can contribute in the deterioration of systolic function during the development of heart failure in vivo (Iwai-Kanai and Hasegawa 2004) . Therefore, as no cytotoxic activities of polyphenols are suspected on cardiac cells and as no induction of cell death were observed in the present investigation on Rsv-treated normal cardiomyocytes, it is tempting to speculate that Rsv, and certain Rsv derivatives, might constitute a possible new class of therapeutic agents capable to target and counteract apoptosis on normal cardiomyocytes.
In conclusion, data obtained on cardiac tumoral HL1-NB cells and normal neonatal cardiomyocytes permitted to demonstrate a dual effect of Rsv depending on the cell type Fig. 3 Protective effect of resveratrol on norepinephrine-induced normal neonatal cardiomyocytes cell death. a: Protective effect of 30 lM resveratrol (Rsv) on norepinephrine (NE: 5 lM)-induced cell death on normal neonatal mouse cardiomyocytes: some round cells characteristic of dying cells were observed by phase contrast microscopy under treatment with NE, which was significantly prevented with resveratrol pre-treatment. Data presented are means ± SEM, n = 3. *P \ 0.05 versus control; # P \ 0.05 versus NE. b: In the presence of 30 lM of resveratrol (Rsv), no cytotoxic effects (presence of round cells) were observed by phase contrast microscopy on normal neonatal cardiomyocytes. Data are means of three independent experiments; each experiment was done in triplicate. Data presented are means ± SEM, n = 3 considered, i.e., tumoral versus normal cells. Thus, on tumoral HL1-NB cells, in agreement with data obtained on various tumor cells (Delmas et al. 2006; Billard et al. 2002) , Rsv is a potent inducer of apoptosis associated with an accumulation of the cells in the S phase of the cell cycle, whereas on normal neonatal cardiomyocytes Rsv does not induce cell death. Moreover, as Rsv is capable to counteract NE-induced apoptosis, this observation may lead to the development of new drugs capable to reduce the cardiac toxicity of NE which is widely used molecule in intensive care units to provide hemodynamic support and maintain organ perfusion (Maeder et al. 2006; Di Giantomasso et al. 2005 ). In addition, this work opens new perspectives to further investigate the basis of the mechanisms associated with the protective and cytotoxic effects of Rsv on normal and tumoral cardiac cells and to better understand the connections between these two processes. We recently identified new signaling pathways involving the modulation of pro-oncogenic miRNAs in promonocytic tumoral cells and colon tumor cells (Tili et al. 2010a, b) . The determination of the part taken by miRNAs in Rsv sensitivity can have some pharmacological interests to improve Rsv efficiency in various major diseases such as cardiovascular diseases and cancers. Indeed, very recently, it has been reported that resveratrol restores the expression of some altered micro-RNA in the ischemic rat heart (Mukhopadhyay et al. 2010) . Moreover, the present data also support our objectives to develop nutraceutical and functional foods based on dietary Rsv with the aim to prevent or reverse cardiac dysfunctions and diseases.
